Cell-to-cell spread of tobacco mosaic virus (TMV) is presumed to occur through plant intercellular cgnnections, the plasmodesmata. Vira1 movement is an active process mediated by a specific virus-encoded P30 protein. P30 has at least two functions, to cooperatively bind single-stranded nucleic acids and to increase plasmodesmatal permeability. Here, we visualized P30 complexes with single-stranded DNA and RNA. These complexes are long, unfolded, and very thin (1.5 to 2.0 nm in diameter). Unlike TMV virions (300 x 18 nm), the complexes are compatible in size with the P30-induced increase in plasmodesmatal permeability (2.4 to 3.1 nm), making them likely candidates for the structures involved in the cell-to-cell movement of TMV. Mutational analysis using single and double deletion mutants of P30 revealed three regions potentially important for the protein function. Amino acid residues 65 to 86 possibly are required for correct folding of the active protein, and the regions between amino acid residues 112 to 185 and 185 to 268 potentially contain two independently active single-stranded nucleic acid binding domains designated binding domains A and B, respectively.
INTRODUCTION
Virus infection of plants requires movement of the viral genomes from infected into neighboring healthy cells. Because virus entry by fusion with cell membranes or by endocytosis is precluded by plant cell walls, cell-to-cell spread of plant viruses presumably occurs directly through plant intercellular connections, the plasmodesmata. lncreasing evidence suggests that virus movement between plant cells is an active process mediated by specific virus-encoded movement proteins (reviewed by Hull, 1989; Atabekov and Taliansky, 1990; Robards and Lucas, 1990; Maule, 1991) . For some viruses, these are relatively small, 28 to 38 kD, nonstructural proteins that are usually expressed early in virus infection (Hull, 1989; Atabekov and Taliansky, 1990; Robards and Lucas, 1990; Maule, 1991) . Recent amino acid sequence comparisons between movement proteins from many diverse groups of plant viruses revealed significant relationships between members of different taxonomic groups and predicted a common evolutionary origin for these proteins (Melcher, 1990; Koonin et al., 1991) . Furthermore, some viruses can assist movement of other unrelated viruses, suggesting that transport through plasmodesmata shares common features among plant viruses (reviewed by Atabekov and Taliansky, 1990) . Recently, two activities of movement proteins have been demonstrated: cooperative binding of single-stranded nucleic acids (Citovsky To whom correspondence should be addressed. et al., 1990) and increasing plasmodesmatal permeability (Wolf et al., 1989 . Based on theseobservations, we have proposed a model for virus cell-to-cell movement. Movement protein is suggested to form unfolded complexes with a singlestranded copy of the viral genome; the complexes then are targeted to and translocated across plasmodesmata following the increase in plasmodesmatal permeability . Although this model is consistent with the existing data, it is possible that plant virus cell-to-cell movement can also occur by other, different mechanisms (Hull, 1989; Atabekov and Taliansky, 1990; Robards and Lucas, 1990; Maule, 1991) .
To study virus movement between plant cells, it is critical to characterize the structure of movement protein-nucleic acid complexes. The physical shape and size of these complexes may reveal structural requirements for their movement through plasmodesmata. For example, it has been shown that the 0.75-nm size exclusion limit of intact plasmodesmata is increased to 2.4 to 3.1 nm in plants transgenic for P30, the movement protein of tobacco mosaic virus (TMV) (wolf et al., 1989) . However, this increase is insufficient for passage of TMV virions (300 x 18 nm) or free-folded viral genomic RNA (estimated Stokes radius of 10 nm) (Gibbs, 1976) . Are movement protein-nucleic acid complexes compatible with such an increase in plasmodesmatal permeability? lmport of proteins through some membranes (for example, of mitochondria) requires unfolding of the transported macromolecule (reviewed by Neupert et al ., 1990) . 1s there a similar requirement for transport of viral nucleic acids through plasmodesmata? We have attempted to answer these questions by direct visualization of movement protein-nucleic acid complexes under the electron microscope.
The P30 movement protein of TMV and the gene I movement protein of cauliflower mosaic virus (CaMv) were used in this study. We show that movement proteins indeed form thin and unfolded complexes with single-stranded nucleic acids and that the size of these complexes is consistent with the dimenSions of plasmodesmatal channels enlarged by P30.
To better understand the mechanism of virus movement, we also dissected the interaction of the TMV movement protein with single-stranded nucleic acids in greater detail. Our previous study suggested that amino acid residues 65 to 86 are required for binding of P30 to single-stranded nucleic acids . It was not clear, however, if this protein region is an actual single-stranded nucleic acid binding domain or if it is required for functional folding of the protein.
In this study, we used double deletion mutants to show that the region between amino acid residues 65 to 86 is involved in protein folding and that regions between amino acid residues 112 to 184 and 185 to 268 are likely to contain two independently active single-stranded nucleic acid binding domains. Amino acid sequences of these domains were used to predict their secondary structure and to search for homology with known proteins.
RESULTS

Visualization of Movement Protein-Nucleic Acid Complexes
Because the interaction between P30 and single-stranded nucleic acids is not sequence specific , any single-stranded nucleic acid is an appropriate substrate for P30 binding. Here, we used partially denatured plasmids, M13mp7 single-stranded DNA (ssDNA) (Messing, 1983) , and linear ssRNA of hepatitis delta virus (HDV) (Glenn et al., 1990) to study the structure of P30-ssDNA and P30-ssRNA complexes. To test whether P30 simply binds to single-stranded nucleic acid or whether it also might unwind a nucleic acid duplex, we designed a strategy that created a partially singlestranded and partially double-stranded DNA (ss/dsDNA) molecule. This molecule is diagrammed in Figure 1A . It is composed of two different DNA strands that contain both homologous and nonhomologous regions; the dimensions of the double-stranded and single-stranded regions of this chimeric molecule are precisely known. Figure 1B shows an electron micrograph of such a DNA molecule with doublestranded regions and two single-stranded bubbles. Following binding of P30, a reproducible increase in the size of the two bubbles occurred ( Figure 1C ). Under the conditions used (i.e., spreading of DNA on cytochrome film in the presence of 30% formamide, a technique previously used to visualize ssDNAprotein complexes [Delius et al., 1972; Citovsky et al., 1989] ), the upper and lower strands of the ssDNA bubble had an average length of 1.05 and 0.61 pm, respectively, as shown in Table 1 . Binding of P30 led to an increase in length of each strand, by -32 to 41%, to 1.38 and 0.87 pm, respectively (Figure 1C and Table 1) . A similar increase in the contour length (by 37%) was observed for the smaller ssDNA bubble (Table 1) .
To increase the length of the ssDNA bubble, P30 can either unwind the double-stranded parts of the molecule or extend the distance between successive DNA bases, i.e., stretch the ssDNA. When we measured the double-stranded regions of thechimeric DNA, nosignificant changes in their length were detected following visualization in the presence or absence of P30 (Table 1) . Thus, P30 binding resulted in an increase in ssDNA interbase separation, but did not promote unwinding of the dsDNA helix.
To estimate the width of P30-ssDNA complexes, cytochrome was omitted and DNA was directly shadowed with platinum. Free ssDNA molecules, which appear as folded and collapsed structures using this technique (Figure lD Figure 1F and Table 2 . Binding of P30 increased the length of circular molecules by 90% to 2.75 pm ( Figure   1G and Table 2 ). Furthermore, another plant virus movement protein, the gene I protein of CaMV, also formed 2.68-pm complexes with M13mp7 ssDNA that were visually identical to the P30-Ml3mp7 ssDNA complexes ( (Delius et al., 1972) . Because TMV is an RNA virus, we examined the structure of P30-ssRNA complexes. Similar to ssDNA, direct shadowing of P30-ssRNA complexes revealed barely visible thin structures (data not shown). When spread on cytochrome film, free HDV RNA molecules are folded, rod-shaped structures with an apparent length of 0.36 fim ( Figure 1H and Table 2 ). Binding of P30 resulted in a 200% increase in RNA length to form 0.82-pm-long; completely unfolded P30-ssRNA complexes ( Figure 11 and Table 2 ). A folded rodlike structure of free HDV RNA is held together by numerous annealed short GC-rich regions (one to eight nucleotides) interspersed with unannealed regions throughout the HDV RNA sequence (Wang et al., 1986; Glenn et al., 1990) . In contrast to long contiguous double-stranded parts of ss/dsDNA ( Figure 1A ) that are not affected by P30, shorter base-paired stretches of HDV RNA were readily unfolded following P30 binding. Unfolding of only short base-paired regions is characteristic of ssDNA binding proteins; for example, equilibrium and kinetic studies indicated that the bacteriophage T4 gene 32 protein saturates single-stranded sequences but is unable to melt native dsDNA or even double-stranded regions that are longer than five to six nucleotides (von Hippel et al., 1982) .
Contour lengths of protein-single-stranded nucleic acid complexes and the number of bases in the ss/dsDNA (Figure lA) , ssDNA (7238 nucleotides; Messing, 1983) , and ssRNA (1700 nucleotides; Glenn et al., 1990) were used to calculate the average distance between successive bases (the interbase separation) in the observed molecules. Binding of P30 to ss/dsDNA increased the interbase separation of the singlestranded regions from 0.34 nm per base to 0.42 to 0.53 nm per base, whereas the interbase separation of the doublestranded parts of the molecule was not affected (Table 1) . Interbase separation of free M13mp7 ssDNA (0.20 nm per base) increased to 0.38 and 0.37 nm per base following binding of P30 or the gene I protein, respectively. Binding of P30 to RNA resulted in an interbase separation of 0.53 nm per base in the unfolded P30-ssRNA complexes (Table 2) ; due to the extensive folding of free HDV RNA (see above), it was impossible to precisely calculate the interbase separation in these molecules before P30 binding.
The relative degree of unfolding of single-stranded nucleic acids depends on the concentration of formamide used for preparation of the sample for electron microscopy. Thus, although the data obtained with 30 and 10% formamide were consistent &e., association with P30 results in extension of single-stranded nucleic acids), they could be compared in a quantitative fashion. However, the binding experiments with M13mp7 ssDNA and HDV ssRNA were performed under the Same conditions (10% formamide) and can be directly compared. We concluded that P30 interacts with ssDNA and ssRNA differently because P30-HDV ssRNA complexes are more extended than P30-Ml3mp7 ssDNA complexes (0.53 nm per base versus 0.38 nm per base) ( To better understand how P30-single-stranded nucleic acid complexes are formed, we sought to characterize the protein domains involved in P30 interaction with single-stranded nucleic acids. Our previous study suggested that amino acid residues 65 to 86 of P30 are involved in its binding to singlestranded nucleic acids . Here, we attempted to further characterize this domain of the protein. Four deletion mutants were constructed to saturate the 22-amino acid region that lacked amino acid residues 65 to 69, 70 to 74, 75 to 79, or 80 to 86, respectively. As shown in Figure 2A (lanes 4 to 7), the mutated proteins were expressed and purified, and their binding to RNA was assayed by UV cross-linking. Deletion of the entire 65 to 86 amino acid region (deletion mutant 1) completely blocked P30 binding to RNA ( Figure 26 , lane 2). However, none of the smaller deletions in the same region had any detectable effect on RNA binding ( Figure 26 , lanes 4 to 7) as compared to the intact P30 protein ( Figure 26 , lane 1). The DNA coding sequence for P30 amino acids 65 to 86 was cloned into a bacterial expression vector (pGEMEX-1); the purified overproduced fusion protein 4 (fus4) was unable to bind RNA (Figures 2A and 26, lanes 8) or ssDNA (data not shown). Potentially, removal of amino acid residues 65 to 86 produces an alteration in P30 protein structure that precludes its ability to interact with single-stranded nucleic acids, whereas the smaller deletions of this region may allow the mutant proteins to retain an active conformation. The simplest hypothesis is that deletion of amino acid residues 65 to 86 causes improper folding of P30. One of the common consequences of incorrect folding of a protein is increased aggregation (Kohno et al., 1990) . If the inabilityof this deletion mutant to bind singlestranded nucleic acids is due to aggregation, RNA binding possibly might be restored by increasing its solubility, for example, in the presence of a detergent. Indeed, when the deletion mutant 1 was purified in the presence of a nonionic detergent Nonidet P-40 ( Figure 2A , lane 3) or Triton X-100 (data not shown), the protein regained RNA binding activity ( Figure  26 , lane 3).
P30 Has Two lndependent Single-Stranded Nucleic Acid Binding Domains
In the earlier study, we made overlapping deletions within the P30 open reading frame extending from amino acid residues 65 to 268; the only mutant that did not bind RNA and ssDNA was deletion mutant 1 ), which we have now shown may be defective for general protein folding. These results may be explained if P30 has two independent singlestranded nucleic acid binding domains, so that most single deletions would leave one of the domains intact. To test this hypothesis, we constructed a more extensive series of mutated P30 sequences summarized in Figure 3 . Our strategy was to identify one putative binding domain, delete it from the protein, and then construct double deletions to identify the second domain.
Protein binding to nucleic acids often involves positively charged amino acid residues. We looked for such basic regions in the amino acid sequence of P30. As shown in Figures 3 and 4A, a highly charged domain comprising a larger basic region b flanked by two smaller acidic regions a and c is conserved in movement proteins of tobamoviruses (Saito et al., 1988) . In P30, this domain includes amino acid residues 185 to 268 (Saito et al., 1988) (Figure 4A ). To determine whether this entire region could interact with single-stranded nucleic . Because fusl is a fusion of the bacteriophage T7 gene 10 protein with P30 amino acids, the overproduced gene 10 protein was purified ( Figure 5A , lanes 4 and 5) and assayed for binding to RNA; no binding was detected ( Figure SB, lanes  4 and 5) . Thus, a single-stranded nucleic acid binding activity is contained in the region between amino acid residues 185 to 268 of P30. We will refer to this region as binding domain B of P30; its amino acid sequence is shown in Figure 4A .
Next, we studied binding of domain B in the context of native P30. Separate deletions of either half of this domain (Figure 3 , deletion mutants 5 and 7) retained RNA binding ability as shown in Figure 6 (see also Citovsky et al., 1990) . Binding of intact and mutated P30 proteins to RNA was assayed by UV light cross-linking, and the cross-linked products were analyzed on a 15% SDS-polyacrylamide gel. (A) Gel stained with Coomassie Brilliant Blue R 250. (B) Autoradiograph of the stained gel. Lanes 1, intact P30; lanes 2, P30 deletion mutant 1 (deleted residues 65 to 86); lanes 3, P30 deletion mutant 1 isolated in the presence of 0.4% Nonidet P-40; lanes 4 through 7, P30 with deleted amino acid residues 65 to 69, 70 to 74, 75 to 79, or 80 to 86, respectively; lanes 8, fus4 (P30 residues 65 to 86 fused to the bacteriophage T7 gene 10 protein of pGEMEX-1); lanes 9, gene 10 polypeptide produced from the pGEMEX-1 plasmid. The specific positions of amino acids deleted in deletion mutants (del) or fused to gene 10 in fusion (fus) constructs are shown adjacent to their physical map; the ability of these mutants to bind RNA and ssDNA (as assayed by UV light cross-linking and gel mobility shift, respectively) in the absence (-) or in the presence (+) of 0.4% Nonidet P-40 (NP40) is indicated. The lightly shaded boxes on the physical map of wild type (wt) P30 marked I, II, a, b, and c represent regions that are conserved in various strains of tobamoviruses as described by Saito et al. (1988) . The numbers in the scale refer to amino acids of P30. Thin solid lines on the physical map indicate deleted regions in deletion mutants 1 through 14; g10 indicates the gene 10 polypeptide fused to portions of P30 in fusion constructs. Deletion mutants 1 to 5 have been described previously . Deletion mutant 6, described by Citovsky et al. (1990) , is not shown; this deletion mutant is similar to deletion mutant 7 except that it retains carboxy-terminal amino acid residues 265 to 268 of P30. ND, not done. (A) Distribution of charged and aromatic residues in domains A and 6. Amino acids are shown in one-letter code; regions II, a, b, and c conserved in tobamoviruses (Saito et al., 1988) are indicated. +, -, and O , basic (HKR), acidic (DE), and aromatic (WYF) residues, respectively.
(B) Predicted secondary structures. Hydrophilicity and surface probability plots were constructed according to Hopp and Woods (1983) and Emini et al. (1985) , respectively; secondary structure preferences (P-sheets, a-helices, and turns) were predicted using the algorithm of Garnier et al. (1975) . The numbers in the scale refer to amino acid residues of domains A and B.
(C) Sequence alignments. Amino acid sequences were obtained from Swiss-Prot and GenPept protein data banks. Sequence similarity alignments were done using the BLASTA (Altschul et al., 1990) and FAVA (Pearson and Lipman, 1988) programs, and SD scores (see text) were calculated as the difference between the best alignment score of the real sequences and the mean score of 25 randomized sequences (Barker and Dayhoff, 1972) . ldentical residues are boxed. *, residues with similar physical and/or chemical properties that are members of one of the following groups (Miyata et al., 1979; Kamer and Argos, 1984) : amides or acids (DENQ), basic residues (HKR), polar (TS), aromatic (WYF), hydrophobic (ACILMV), or strong turn formers (DGNP); -, where the sequence was shifted by a single residue for optimal alignment; SBMV, southern bean mosaic virus.
4) did not alter the RNA (Figure 66 ) or ssDNA binding activity of P30 (Figure 6C) , as tested by UV cross-linking (binding to RNA) and gel mobility shift assays (binding to ssDNA). In contrast, removing both acidic regions but only half of the basic region (Figure 3 , deletion mutant 9) blocked the single-stranded nucleic acid binding activity (Figures 66 and 6C) . However, because this result did not agree with the finding that neither protein-RNA nor protein-ssDNA binding (Figures 66 and 6C ) was affected by deletion of the entire 185 to 268 amino acid region (Figure 3, deletion mutant lO) , we attributed it to protein misfolding in deletion mutant 9.
The observation of single-stranded nucleic acid binding in Binding to RNA was assayed by UV cross-linking as described in Methods. Lanes 1, fus3; lanes 2, fusl; lanes 3, fus2; lanes 4 and 5, gene 10 polypeptides produced from pGEMEX-1 and pGEMEX-2, respectively.
did not impair protein binding to RNA ( Figure 6B ) or to ssDNA ( Figure 6C ). However, removal of amino acids 112 to 125 (deletion mutant 13) completely blocked binding to both RNA and ssDNA. Finally, deletion mutant 14, which lacks amino acid residues 130 to 268, was unable to bind RNA and ssDNA probes ( Figures 6B and 6C) . Purification of proteins from deletion mutants 9, 13, and 14 in the presence of nonionic detergents did not restore their binding to RNA (data not shown). Consistent with the implication that P30 has two independent single-stranded nucleic acid binding domains, deletion mutants that lack amino acid residues 112 to 125 (Figure 3 , deletion mutant 3) or 130 to 185 (Figure 3 , deletion mutant 4) but retain the binding domain B (amino acids 186 to 268) are still active for RNA binding ; Figures  6B and 6C) . Thus, the second binding domain of P30, designated domain A, is between amino acid residues 112 and 185, because deletions in this region inactivate its single-stranded nucleic acid activity. The amino acid sequence of binding domain A is shown in Figure 4A ; interestingly, it includes region II, which is highly conserved in tobamovirus movement proteins (Saito et al., 1988) . Because the two single-stranded nucleic acid binding domains of P30 acted independently of each other, they are likely to be functionally different. The carboxy-terminal binding domain B (amino acids 185 to 268) functioned when separated from the rest of P30 (as in the fusl construct, Figure 5 , lane 2). In contrast, binding domain A was inactive when overproduced as a fusion protein from the fus2 construct ( Figures  3 and 5, lane 3) . This latter domain was functional only as a part of P30 (for example, as in deletion mutant 10, Figures 3  and 7) . We also showed that the first 111 amino acids of P30 fused to the gene 10 protein of pGEMEX-2 (fus3 construct, Figure 3) do not bind RNA ( Figure 5B, lane 1) .
Complexes between the fusl protein product and ssDNA were visualized under the electron microscope and compared to those of the wild-type P30 protein. Fusl formed unfolded uniformly coated complexes with ssDNA. These complexes, however, differed from P30-ssDNA complexes; whereas the P30-ssDNA complexes were almost below the resolution of direct platinum shadowing, the fusl-ssDNA complexes were better visualized under the same conditions (data not shown). The width of fusl-ssDNA complexes is 3 to 4 nm (as estimated by size comparison to 2.0-to 2.5-nm platinum particles), twice the width of P30-ssDNA complexes. It is possible, therefore, that both P30 single-stranded nucleic acid binding domains are required to produce the thin 1.5-to 2.0-nm complexes observed with the wild-type P30. Alternatively, the gene 10 protein part of fusl fusion polypeptide may have contributed to the width of the complexes.
B. To test this possibility, we started with a deletion of domain B (amino acid residues 185 to 268) and constructed double deletion mutants of P30 (Figure 3, deletion mutants 11 to 14) . The additional deletion of amino acid residues 65 to 86 (deletion mutant 11, purified in the presence of Nonidet P-40) and deletion of amino acid residues 86 to 111 (deletion mutant 12)
Amino Acid Sequence Analysis of Binding Domains A and B: Predicted Secondary Structure and Homology to RNA Polymerases and Topoisomerases
To gain further insight into the structure-function relationship in binding domains A and B, we analyzed their amino acid kD 68-
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-f |V» f* prSt°ein wt 8 9 10 11 121314 C 4 sequence in terms of hydrophilicity, surface probabilities, and secondary structure preferences. Figure 4B shows that binding domain A consists of alternating hydrophilic and hydrophobic regions with an overall low probability of being on the surface of the P30 protein structure. Conversely, binding domain B is very hydrophilic with a high surface probability ( Figure 4B ). The difference in predicted surface probability may explain why domain A binds single-stranded nucleic acids only in the context of the native P30, whereas domain B is active for binding even if fused to an unrelated (gene 10) protein (Figures 3 and 6 ). P30 binding to single-stranded nucleic acids is cooperative, thus requiring interaction between protein molecules bound to the same strand of nucleic acid . Potentially, surface-oriented domain B is readily available for such protein-protein interactions with adjacent molecules and, thus, is able to bind single-stranded nucleic acids cooperatively regardless of its protein context. In contrast, the probability of domain A being on the surface of the protein is low, and upstream P30 sequences may be required to unmask domain A; alternatively, the P30 region upstream of domain A may directly participate in protein-protein interactions necessary for binding cooperativity. The secondary structure of domain A indicates predominantly (5-sheet conformation interspersed with turns, whereas the preferred secondary structure of domain B is mainly an a-helix, as predicted by the algorithms of both Chou and Fasman (1978) (data not shown) and Gamier et al. (1975) (Figure 4B ). The amino acid sequence of domains A and B was compared with other known proteins. Numerous sequence comparisons of P30 with proteins in various data banks have always used the entire P30 amino acid sequence; however, such searches are more sensitive if only short protein segments are used as probe sequences. Here, we used domain A and domain B independently to search for possible similarities with unrelated (i.e., not plant viral) protein sequences. Statistical significance of potential homologies was evaluated using an alignment score expressed in so units from the mean random scores; scores of >3 so units were considered statistically significant (Barker and Dayhoff, 1972) . For reference, the amino acid sequence of TMV P30 was compared to P30 proteins of three other members of the tobamovirus group, tomato mosaic virus strain L (TMVL), tobacco mosaic virus cowpea strain (Cc), and cucumber green mottle mosaic virus (CGMMV). P30 proteins of TMV, TMVL, Cc, and CGMMV are closely related, with 35 to 78% identity in the amino acid sequence (Saito et al., 1988) ; so alignment scores of this comparison were 6.71 (TMVL), 4.72 (Cc), and 4.82 (CGMMV).
With these criteria, two regions of domain A were found related to viral RNA-directed RNA polymerases ( Figure 4C ). The first region comprising amino acid residues 125 to 156 of P30 was homologous to the stretch between amino acid residues 182 to 202 of RNA-directed RNA polymerase III of influenza B virus (so = 6.44). Another segment in domain A that lies between amino acid residues 156 to 176 showed homology (so = 4.33) to a putative RNA-directed RNA polymerase of southern bean mosaic virus (amino acid residues 345 to 365, Figure 4B ).
The entire domain B showed a statistically significant homology (so = 7.84) with yeast DNA topoisomerase II (amino acid residues 1347 to 1425) ( Figure 4B ). In addition, the region between amino acid residues 208 to 243 of domain B shared homology with DNA-directed RNA polymerase of Escherichia coli (so = 6.04) ( Figure 4C ). Both topoisomerase and DNA-directed RNA polymerase may transiently bind singlestranded regions of DNA. Figure 7 shows the results of a gel mobility shift assay using unrelated 75-mer (nucleotides 600 to 674 of the vlrE2 locus of Agrobacterium pTiC58 plasmid [Hirooka et al., 1987] ), 40-mer (nucleotides 1 to 40 of the gene/ locus of CaMV [Gardner et al., 1981] ), and 17-mer (universal -40 primer for dideoxy DNA sequencing in M13; U.S. Biochemical Corp.) ssDNA oligonucleotides as probes. P30 efficiently bound both 75-and 40-mer Oligonucleotides. The dose response of oligonucleotide binding to protein concentration was similar for both probes. In contrast, P30 was unable to bind the shorter 17-mer oligonucleotide even at a high protein concentration (Figure 7) .
Binding of P30 to Oligonucleotides of Various Lengths
These results provided further evidence for the mechanism by which P30 interacts with single-stranded nucleic acids. The large difference in migration between the free and proteinbound 75-and 40-mer probes suggested that several protein molecules are bound per molecule of probe, whereas the absence of bands with intermediate mobility is characteristic of cooperative binding (Lohman et al., 1986; Citovsky et al., 1990) . Possible binding cooperativity also may explain why P30 does not bind the 17-mer probe. Previously, P30 was suggested to bind single-stranded nucleic acids with a minimal binding site of four to seven nucleotides per protein monomer (Citovsky etal., 1990) . Based on this calculation, the 17-mer oligonucleotide can accommodate only two to four molecules of P30. If P30 binds single-stranded nucleic acids cooperatively, the initial protein binding will occur with a low affinity that sharply increases as more protein molecules bind to the same DNA or RNA lattice (von Hippel et al., 1977) . Binding of only two to four P30 molecules may not increase the binding affinity DNA oligonucleotide probes were incubated in the absence (lanes 1) or in the presence of 0.005 ng (lanes 2), 0.02 (ig (lanes 3), and 0.1 ng of P30 (lanes 4). Protein binding was monitored using the gel mobility shift assay.
sufficiently to form stable protein-single-stranded nucleic acid complexes. Alternatively, similar to E. coli ssDNA binding protein (SSB) (reviewed by Chase and Williams, 1986) , P30 may bind single-stranded nucleic acids as a tetramer rather than as a monomer. In this case, the minimal binding site will be 16 to 28 nucleotides per P30 tetramer binding unit. The 17-mer oligonucleotide, therefore, may not be sufficiently long to accommodate the P30 tetramer.
DISCUSSION
To understand the processes involved in cell-to-cell movement of TMV, it is critical to know the structure of the putative transport intermediate, which we suggest is a movement protein-single-stranded nucleic acid complex. Data reported here describe these complexes as thin and unfolded structures. When spread on a cytochrome film in 10% formamide, P30-M13mp7 ssDNA and P30-HDV ssRNA complexes appeared 1.9-to 3.0-fold longer than the free nucleic acid molecules. The interbase separation in these complexes ranged from 0.38 (ssDNA) to 0.53 (ssRNA) nm per base. Interestingly, the interbase separation in P30-ssRNA complexes was higher than that in P30-ssDNA complexes. Because P30 presumably functions to transport TMV RNA molecules, increased extension of bound ssRNA may be biologically significant. Extension of single-stranded nucleic acids caused by P30 binding was well within the limits of extensibility of ssDNA, where the maximal interbase separation is 0.70 to 0.75 nm (Franklin and Gosling, 1953) . lncrease in ssDNA length by up to 55% following protein binding has been reported for the Agrobacterium VirE2 protein (Citovsky et al., 1989) , gene 32 protein of bacteriophage T4 (Delius et al., 1972) , and RecA protein (Williams and Spengler, 1986) . Conversely, binding of SSB of E. coli condenses ssDNA by ~3 3 % (Chrysogelos et al., 1981; Citovsky et al., 1989) . The conformation conferred on single-stranded nucleic acids by P30 binding is the result of the direct interaction between the nucleic acid and the protein. A series of single and double deletion mutants of P30 was used to characterize the protein domains that interact with single-stranded nucleic acids. Assay of ssDNA and RNA binding activity of these mutants revealed two independently acting single-stranded nucleic acid binding domains, designated domains A and B. Binding domain A is delineated by amino acid residues 112 to 185. Binding domain B is directly downstream of binding domain A, between amino acid residues 185 and 268. However, this assignment of single-stranded nucleic acid binding function ultimately must be confirmed when the crystal structure of P30 becomes available.
The amino acid sequence of P30 has been extensively analyzed in comparison with other plant virus movement proteins as well as unrelated polypeptides. Recent alignment of amino acid sequences of movement proteins from a large number of diverse groups of plant viruses revealed significant relationships between members of different taxonomic groups and predicted a common evolutionary origin for these proteins (Melcher, 1990; Koonin et al., 1991) . The amino acid sequence of P30 has also been used to screen protein data banks. This approach suggested homology between P30 and some kinases (Martinez-lzquerdo et al., 1987) , a yeast intron-coded mitochondrial protein (possibly involved in RNA splicing) (Zimmern, 1983) , and cellular heat shock 90 proteins (Koonin et al., 1991) . Delineation of P30 single-stranded nucleic acid binding domains allows one to focus the comparative sequence analysis specifically on these protein segments. Statistically significant homology (SD > 3) was found between domain A and vira1 RNA-directed RNA polymerases; domain B was found homologous to a bacterial DNA-directed RNA polymerase and a yeast DNA topoisomerase. All these proteins share a common property; they interact with RNA and DNA molecules regardless of nucleotide sequence composition. Furthermore, RNA polymerases bind single-stranded nucleic acids; also, DNA topoisomerase may transiently interact with ssDNA. Thus, amino acid homology between these proteins and domains A and B potentially reflects their ability to interact with singlestranded nucleic acids without sequence specificity.
Secondary structure predictions suggest a large number of turns in domains A and B that may contribute to their structural flexibility. Flexible conformation of binding domains may be required for protein-protein interaction during cooperative binding to single-stranded nucleic acids. The mechanism by which domains A and B directly interact with nucleic acids is unknown; however, both of these protein domains contain alternating aromatic and basic amino acids along their entire length ( Figure  4A ). These residues were suggested to play an important role in formation of protein-single-stranded nucleic acid complexes (Prasad and Chiu, 1987) . Stacking interactions of the aromatic residues with bases in nucleic acid and electrostatic interactions of basic amino acids with phosphate groups of the nucleic acid likely stabilize the P30-single-stranded nucleic acid complex (Prasad and Chiu, 1987) .
Another P30 protein domain studied here was the region between amino acid residues 65 to 86. Shown earlier to be required for single-stranded nucleic acid binding , this region was implicated in the correct folding of P30 rather than in direct interaction with nucleic acids. Removal of amino acid residues 65 to 86 most likely resulted in an increase in protein aggregation and loss of single-stranded nucleic acid binding activity; solubilization of this mutated protein in a nonionic detergent restored binding. The amino acid sequence of a protein generally determines its folding into a native conformation. Half of the region contained within amino acids 65 to 86 is an almost contiguous stretch of hydrophobic amino acids (residues 67 to 80) followed by a bend-inducing proline (residue 83) (for TMV RNA sequence, see Goelet et al., 1982) . It is known that clusters of hydrophobic amino acids coincide well with buried regions of the three-dimensional structure of a protein (Rose, 1978; Rose and Roy, 1980; Kyte and Doolittle, 1983) . If amino acid residues 67 to 80 are a part of the hydrophobic core in the P30 tertiary structure, their removal may result in an altered and inactive conformation of the P30 molecule.
The physical structure of P30-single-stranded nucleic acid complexes provides insight into the mechanism of P30 function. The most characteristic feature of these complexes is their size. The P30-single-stranded nucleic acid complexes are unfolded and measure <2 nm in diameter. Of all known SSBs, only the VirE2 protein of Agrobacterium forms such thin complexes with ssDNA (Citovsky et al., 1989) ; this protein is most likely involved in transfer of T-DNA from Agrobacterium into the plant cell across bacterial and plant cell and nuclear membranes (Citovsky et al., 1989; Howard and Citovsky, 1990; . Potentially, there is a functional analogy between the nucleic acid-protein complexes in these two systems, which both must transport single-stranded nucleic acids (TMV RNA and Agrobacterium T-strand of the T-DNA) through biological membranes. We propose that the unusually thin structure of P30-single-stranded nucleic acid complexes reflects the biological activity of this protein. A recent study using plants transgenic for P30 showed that the size exclusion limit (Stokes radius) of plasmodesmata is increased from 0.73 nm in control plants to 2.4 to 3.1 nm in plants that express P30 (Wolf et al., 1989) . However, this increase in permeability still cannot account for transfer of whole TMV virions or freefolded TMV RNA molecules proposed to be 10-nm wide (Gibbs, 1976; Wolf et al., 1989) . In contrast, P30-ssRNA complexes of 1.5 to 2.0 nm in diameter fali well within the 2.4-to 3.1-nm exclusion limit of the enlarged plasmodesmata. Thus, there is a structural compatibility between movement proteinsingle-stranded nucleic acid complexes and the movement protein-induced increase in plasmodesmatal permeability. Further support for this model is the observation that the structure of complexes formed by CaMV gene I movement protein and single-stranded nucleic acids is remarkably similar to that of P30 and single-stranded nucleic acids (Table 2 ; V. Citovsky, M. L. Wong, and I? Zambryski, unpublished results); CaMV and TMV have been proposed to spread between cells by similar mechanisms (Atabekov and Taliansky, 1990; .
The 1.5-to 2.0-nm thin structure of P30-single-stranded nucleic acid complexes may require not only the single-stranded nucleic acid binding domains but the entire P30 molecule. It is possible that two adjacent single-stranded nucleic acid binding domains on the same protein may cause bound P30 molecules to spread on the nucleic acid to form tight and thin complexes. Also, having two binding domains may increase the efficiency of P30-TMV RNA interaction in vivo. In TMVinfected plants, the P30 protein is only transiently expressed (Joshi et al., 1983; Watanabe et al., 1984) ; thus, it is critical that it be able to efficiently form stable complexes with the TMV RNA to be transported. If P30 were constitutively expressed, the presence of only one of the binding domains might be sufficient for transport. Indeed, a recent study by Berna et al. (1991) reported that deletion of 55 carboxy-terminal amino acid residues of P30 does not affect viral movement in transgenic plants that constitutively express the truncated protein. This deletion is similar to deletion mutant 7 that lacks 44 carboxyterminal amino acids but still is able to bind single-stranded nucleic acids.
The present results imply a variety of possible protein-protein interactions of P30 binding domains A and B. Potentially, P30 may form protein filaments in the absence of nucleic acids; in the presence of single-stranded nucleic acids, these filaments may bind nucleic acid molecules to form long and unfolded complexes. That P30 monomers and/or oligomers have a filamentous rather than globular structure would explain the unusual thinness (1.5 to 2.0 nm) of P30-singlestranded nucleic acid complexes. Also, potential formation of protein filaments is consistent with a generally decreased solubility of P30 and very low mobility of P3O-single-stranded nucleic acid complexes in gel mobility shift assays . Long protein filaments have been described for RecA protein (Williams and Spengler, 1986) . Also, the gene I protein of CaMV was shown to form extended tubular structures, possibly composed of protein filaments, when expressed to high levels from a baculovirus vector in insect cells Zuidema et al., 1990) . We were unable to detect filaments of free protein during visualization of P30-singlestranded nucleic acid complexes. However, because the diameter of P30-single-stranded nucleic acid complexes is almost below the resolution of direct platinum shadowing, potential formation of free P30 filaments may not be detected using this technique.
In.conclusion, the evidence presented here suggests that P30 (and, possibly, movement proteins of other plant viruses) shapes the viral genomic nucleic acid molecule into a form suitable for transport through plasmodesmatal channels. P30 most likely binds to TMV RNA to produce very thin and unfolded nucleic acid-protein complexes; a cell-to-cell competent conformation of viral nucleic acid is thereby achieved and stabilized. Following interaction with plasmodesmata to increase their permeability, the movement complexes are translocated through plasmodesmata.
METHODS
Enzymes, Bacterial Strains, and Plasmids
Enzymes were purchased from New England Biolabs (Beverly, MA) and from Boehringer Mannheim. The BL21(DE3) strain of Escherichia coliand pLysE and pET3a plasmids were gifts from W. Studier (Brookhaven National Laboratory, Upton, NY). pGEMEX-1 and pGEMEX-2 plasmids were purchased from Promega, and pTZl9R plasmid was obtained from U.S. Biochemical Corp.
Construction of Deletion and Fusion Mutants of P30
Deletion mutants of P30 ( Figure 3) were constructed by oligonucleotidedirected mutagenesis using pUC118 vectors according to McClary et al. (1989) . Oligonucleotides complementary to 20 nucleotides on each side of the deletion site were prepared in the University of California at Berkeley, Microchemical Facility (Berkeley, CA). Following mutagenesis, P30 sequences were subcloned into the pET3a expression vector as described by Citovsky et al. (1990) . Wild-type P30 protein was expressed from pETP30 plasmid .
To construct P30 fusion mutants (fus), four regions of the P30 open reading frame (nucleotides 556 to 804 [fusll. 334 to 555 (fus21, 1 to 333 [fus3] , and 195 to 258 [fus4]) were cloned in-frame into the filled EcoRl site of pGEMEX-I (fusl, fus3, and fus4 ) or pGEMEX-2 plasmids (fus2). These constructs express the cloned P30 sequences as carboxy-terminal fusions with the bacteriophage T7 gene 10 leader peptide (260 amino acids).
Protein Expression and Purification
Proteins were expressed in BL21(DE3) pLysE strain of E. coli (Studier and Moffatt, 1986 ) and purified as described previously , except that 0.404% Nonidet P-40 detergent was included in all buffers where indicated in text. The purification procedures resulted in >95% (P30 and P30 deletion mutant proteins) or 85 to 90°/o pure (P30, fus, and gene I proteins) protein preparations.
RNA-Protein Cross-Linking by UV Light
The 300-bp fragment of the spinach chloroplast plastid electron transportD gene was used as template for T7 RNA polymerase to generate a radioactively labeled synthetic RNA probe with a specific activity of 107 cpm/pg (Stern and Gruissem, 1987) . A gel-purified RNA probe (1.0 ng) was incubated for 15 min at 4% in 20 pL of buffer B (10 mM Tris-HCI, pH 8.0, 100 mM NaCI, 1 mM EDTA, 10% glycerol) with 0.1 pg of protein preparation. RNA-protein complexes were cross-linked by UV light irradiation and analyzed on SDS-polyacrylamide gels as described by Citovsky et al. (1990) .
Gel Mobillty Shift Assay lndicated amounts of protein were incubated with 2 ng of radioactively labeled DNA oligonucleotides (end labeled by phosphorylation with T4 polynucleotide kinase [Ausubel et al., 19871 to a specific activity of 106 cpm/pg). After incubation, samples were loaded onto a 4% native polyacrylamide gel and electrophoresed for 3 hr at 4% in TBE buffer (90 mM Tris base, 90 mM boric acid, 2 mM EMA) at 15 V/cm. Following electrophoresis, the gels were dried and autoradiographed.
Electron Microscopy
Partially single-stranded and partially double-stranded DNA molecules (ss/dsDNA) were prepared using pUC19 and pTZ19R plasmids with unrelated sequences cloned in the polylinker sites (3073-bp BamHIPstl fragment of TMV cDNA [Goelet et al., 19821 and 1700-bp BamHl fragment 25 of the Agmbacterium tumefaciens pTiA6 plasmid [Hirooka and Kado, 19861, respectively) . The two plasmids were linearized by digestion with Scal, mixed together (1:l molar ratio), denatured by boiling (3 min), and reannealed by slow cooling to room temperature.
M13mp7 ssDNA (7238 nucleotides) was prepared as described by Ausubel et al. (1987) . Linear single-stranded HDV RNA (1700 nucleotides) (Glenn et al., 1990 ) was a gift from Jeff Glenn (University of California at San Francisco, San Francisco, CA). Dueto its extensive secondary structure, HDV RNA is relatively stable and its preparation contains a nearly homogenous population of molecules. In contrast, the larger full-length TMV RNA is more labile, resulting in a large number of partially degraded molecules, making the precise length measurements of protein-RNA complexes impossible.
Free nucleic acids and nucleic acid-protein complexes were prepared for electron microscopy using two basic techniques. For direct platinum shadowing, the samples in buffer B were applied for 1 min to a glow discharged carbon coated grid (Dubochet et al., 197l) and shadowed with platinum at an angle of 8'. Alternatively, for better visualization, the samples were spread with cytochrome c (Wellauer and Dawid, 1973; Koller and Delius, 1984) in the presence of 30 or 10% formamide, and the grid was shadowed with platinum as described above. The 30% formamide concentration was used for spreading of ss/dsDNA molecules. However, unlike P30 binding to ss/dsDNA, we found it was not possible to view P30 complexes with ssRNA or long M13mp7 ssDNA molecules in the presence of 30% formamide. Potentially (protein-free) dsDNA regions anchor P30-ss/dsDNA complexes to cytochrome films even in 30% formamide, whereas the same concentration of formamide destabilizes interaction of PWM13mp7 ssDNA and P30-ssRNA complexes with cytochrome; thus, the formamide concentration was reduced to 10%.
Photographs were taken at ~19,500 at 80 kV. The length of nucleic acid molecules and nucleic acid-protein complexes was measured using a digitized tablet (model No. SD510; Wacom, Japan).
